Dalbergia odorifera, a traditional Chinese medicine, has been used to treat cardio-and cerebrovascular diseases in China for thousands of years. Flavonoids are major active compounds in D. odorifera. In this paper, a rapid and sensitive ultra-high performance liquid chromatography-triple quadrupole mass spectrometry method was developed and validated for simultaneous determination of 17 flavonoids in D. odorifera. Quantification was performed by multiple reaction monitoring using electrospray ionization in negative ion mode. Under the optimum conditions, calibration curves for the 17 analytes displayed good linearity (r 2 > 0.9980). The intra-and inter-day precisions (relative standard deviations) were lower than 5.0%. The limit of quantitation ranged from 0.256 to 18.840 ng/mL. The mean recovery range at three spiked concentrations was 94.18-101.97%. The validated approach was successfully applied to 18 samples of D. odorifera. Large variation was observed for the contents of the 17 analytes. Sativanone and 3 -O-methylviolanone were the dominant compounds. The fragmentation behaviors of six flavonoids were investigated using UPLC with quadrupole time-of-flight tandem mass spectrometry. In negative ion electrospray ionization mass spectrometry, all the flavonoids yielded prominent [M − H] − ions. Fragments for losses of CH 3 , CO, and CO 2 were observed in the mass spectra. Formononetin, liquiritigenin, isoliquiritigenin, sativanone, and alpinetin underwent retro-Diels-Alder fragmentations. The proposed method will be helpful for quality control of D. odorifera.
Introduction
Dalbergia odorifera T. Chen (Leguminosae) is a semi-deciduous perennial tree that is indigenous to Hainan Province, South China. It has been introduced to and cultivated in Guangdong, Guangxi, Fujian, and Yunnan provinces, China [1] . Heartwood of D. odorifera is an important traditional Chinese medicine called "Jiangxiang" that is widely used to resolve stasis, stanch bleeding, regulate qi, and relieve pain [2] . In Korea, this heartwood is also used for treatment of blood stagnation, ischemia, swelling, necrosis, and rheumatic pain [3] . In addition, D. odorifera is commonly used as a component of commercial drug mixtures for cardiovascular treatment, including Guan-Xin-Er-Hao decoction [4] , Qi-Shen-Yi-Qi decoction [5] , Xinning tablets [2] , and Tongxinluo capsules [6] . Also known Molecules 2020, 25, 389; doi:10.3390/molecules25020389 www.mdpi.com/journal/molecules as fragrant rosewood (Huanghuali in Chinese), D. odorifera is a valuable wood product for manufacture of furniture, artifacts, and musical instruments [7] . Due to its high medicinal and commercial value, many researchers have studied D. odorifera. The strong market demands combined with the slow growth of D. odorifera have resulted in production of counterfeit items. To ensure the safety and efficiency of D. odorifera in clinical practice, quantitation of its functional components is critical. Phytochemical investigations have demonstrated that flavonoids and volatile oils are the main medicinal components of D. odorifera [8] . Flavonoids are secondary polyphenolic metabolites occurring commonly in many medicinal plants. Due to their extensive pharmacological activities, flavonoids are considered as the active principle components in many herbs. Recent investigations have shown that flavonoids in D. odorifera possess various biological activities, such as anti-inflammatory [9, 10] , antioxidant [11] , antitumor [12] , antibacterial [13] , and vasorelaxant activities [14] . Meanwhile, 3 -O-methylviolanone, sativanone, butein, liquiritigenin, butin, formononetin, etc. are the main compounds in D. odorifera [15] [16] [17] . Therefore, flavonoids could be considered as marker compounds to assess the quality of D. odorifera. However, no quantitative markers, except the content of its essential oils, have been selected for quality control of D. odorifera in the Chinese Pharmacopeia, which severely limits its clinical application and in-depth study. Among the analytical methods used for determination of flavonoids, the most widely used are based on high-performance liquid chromatography (HPLC) coupled with an ultraviolet (UV) or diode array detector [15] [16] [17] . The D. odorifera matrix is highly complex and the compounds of interest might be present in only minute quantities or accompanied by many other compounds with similar structures. In most cases, techniques like HPLC-UV will not be the optimum choice and can have long run times. A rapid, validated, and sensitive multi-component analytical method for quantification is required.
Ultra-high performance liquid chromatography (UHPLC) combined with triple quadrupole mass spectrometry (QqQ-MS) is considered one of the most efficient techniques for quantitative analysis, and can provide specific, sensitive, and selective quantitative results in multiple reaction monitoring (MRM) mode [18] . Although numerous UHPLC-tandem mass spectrometry (MS/MS) methods have been applied to the determination of bioactivities components in traditional Chinese medicines [19, 20] , few studies have applied this method to quantitative analysis of flavonoids in D. odorifera [15] [16] [17] 21] . Additionally, UHPLC-quadrupole time-of-flight (Q/TOF)-MS/MS has become increasingly important in compound identification because of its high selectivity, specificity, and accuracy [22] .
In the present study, a rapid and sensitive UHPLC-QqQ-MS method was established using MRM mode for the simultaneous quantitative analysis of 17 flavonoids (daidzein, dalbergin, 3 -hydroxydaidein, liquiritigenin, isoliquiritigenin, alpinetin, butein, naringenin, butin, prunetin, eriodictyol, tectorigenin, pinocembrin, formononetin, genistein, sativanone, and 3 -O-methylviolanone, Figure 1 ) in D. odorifera grown in different areas of China. The fragmentation behaviors of six different types of flavonoids were explored using UHPLC-Q/TOF-MS/MS in negative ion mode. This study is an example of comprehensive quality control and expands the knowledge of quantitative and qualitative analysis of multiple flavonoids in D. odorifera.
Results and Discussion

Method Development
To develop a sensitive and accurate quantitative method, the analytes and internal standard (IS) were separately infused into the instrument to optimize the mass conditions. MS spectra were investigated in both positive and negative modes. All analytes showed maximum sensitivity in negative ion mode. For optimization of the MRM conditions, the cone voltage and collision voltage were optimized to acquire the richest relative abundance of precursor and daughter ions. Two transitions were monitored for identification of each component, and the transition with the higher intensity was selected for quantification. The retention time and MS parameters for each analyte are presented in Table 1 . 
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To optimize the chromatographic behavior, the UHPLC conditions were explored. First, a Waters Acquity BEH C18 column (100 mm × 2.1mm, 1.7 mm) and Waters Acquity HSS T3 (100 mm × 2.1 mm, 1.8 μm) were examined. The Waters Acquity HSS T3 was chosen as it gave better separation and sharper peaks. Next, acetonitrile-water, methanol-water, and various additives (i.e., formic acid and acetic acid) were tested as potential mobile phases. Compared with the methanol-water system, the acetonitrile-water system gave better peak shapes and resolutions. For the modifiers, we found that acetic acid markedly inhibited the responses of the compounds. In addition, ionization of the flavonoids was inhibited if the concentration of formic acid was too high. Therefore, the concentration of formic acid was set at 0.05%. The effects of the column temperature, flow rate, and elution procedure were also investigated. Finally, acetonitrile containing 0.05% formic acid with a flow rate of 0.25 mL/min and the 40 °C column temperature were selected to achieve satisfactory separation in a short time ( Figure 2 ). To optimize the chromatographic behavior, the UHPLC conditions were explored. First, a Waters Acquity BEH C18 column (100 mm × 2.1 mm, 1.7 mm) and Waters Acquity HSS T3 (100 mm × 2.1 mm, 1.8 µm) were examined. The Waters Acquity HSS T3 was chosen as it gave better separation and sharper peaks. Next, acetonitrile-water, methanol-water, and various additives (i.e., formic acid and acetic acid) were tested as potential mobile phases. Compared with the methanol-water system, the acetonitrile-water system gave better peak shapes and resolutions. For the modifiers, we found that acetic acid markedly inhibited the responses of the compounds. In addition, ionization of the flavonoids was inhibited if the concentration of formic acid was too high. Therefore, the concentration of formic acid was set at 0.05%. The effects of the column temperature, flow rate, and elution procedure were also investigated. Finally, acetonitrile containing 0.05% formic acid with a flow rate of 0.25 mL/min and the 40 • C column temperature were selected to achieve satisfactory separation in a short time ( Figure 2 ).
Optimization of the Extraction Conditions
Sample preparation methods are of key importance in the analysis of samples with complex matrices, and especially in the simultaneous analysis of multiple compounds. To develop an efficient and appropriate extraction method for the 17 target components for UHPLC-MS/MS analysis, reflux extraction and ultrasonic extraction were compared used sample S9 (0.2 g). The two extraction methods gave similar results but the ultrasonic extraction was more convenient ( Figure S1 ). Thus, ultrasonic extraction was chosen for subsequent experiments. To optimize the extraction, the extraction solvent (50%, 60%, 70%, or 80% methanol, v/v), extraction volume (15, 20, 25, or 30 mL), and extraction time (30, 45, or 60 min) were investigated. When the methanol concentration was increased from 50-70%, the extraction efficiencies for the analytes increased ( Figure 3A ). However, when the methanol concentration was increased beyond 70%, the extraction efficiencies showed no large increases. Therefore, we chose 70% methanol as the extraction solvent. There were no obvious differences in the contents of analytes between extraction volumes of 25 and 30 mL ( Figure 3B ), and the contents of some compounds some compounds (e.g., eriodictyol, naringenin, 3 -O-methylviolanone, sativanone, and pinocembrin) were higher than 20 mL. The best extraction time for all components was 45 min ( Figure 3C ). Hence, the optimum conditions for extraction of D. odorifera were 0.2 g of dried sample, 25 mL of 70% methanol, and ultrasonic extraction for 45 min. 
Method Validation
The developed UHPLC-MS/MS method for quantitation of 17 flavonoids was validated to determine the specificity, linearity, limit of detection (LOD), limit of quantification (LOQ), intra-and inter-day precisions, stability, and accuracy according to International Conference on Harmonization (ICH) guidelines for validation of analytical procedures [23] .
Specificity
The representative MRM chromatograms of the mixed standard solution and real sample solution are shown in Figure 2 . All of the target compounds could be distinguished using their retention times and precursor-to-product ion transitions. This indicates that the assay for D. odorifera is highly specific and selective.
Linear range, LOD, and LOQ
Linearity was evaluated using the coefficients of correlation (r 2 ), which are listed along with the calibration curve equations, linear ranges, LOD, and LOQ in Table 2 . Within the investigated concentration ranges, all compounds showed good linearity with r 2 ranging from 0.9986 to 0.9999. The LOD and LOQ for each analyte were calculated using signal-to-noise ratios of three and ten, respectively. The LOD range was 0.085-6.080 ng/mL and the LOQ range was 0.256-18.840 ng/mL for the 17 target compounds, which showed the method had high sensitivity.
Precision, Repeatability, and Stability
The intra-and inter-day variability were measured to assess the precision of the developed method using sample 9. The intra-day precision was evaluated by analyzing six replicates prepared from sample 9, and the inter-day precision was examined over three consecutive days with samples per day. The repeatability was determined by injection of six samples prepared following the same procedure (Section 2.4). The stability of the sample solution over 24 h at room temperature was also evaluated. For the precision, repeatability, and stability tests, the percent relative standard deviations were within 5.0% ( Table 2 ).
Accuracy
To further evaluate the accuracy of the proposed method, a recovery test was carried out by spiking three levels (80%, 100%, and 120% of the known amount) of mixture standard solution and corresponding IS standards to known amount samples. Next, the spiked samples were extracted and analyzed using the proposed method, and then, triplicate experiments were performed at each level. The recoveries were calculated using the following equation: Recovery (%) = (total amount detected − amount in original sample)/amount spiked × 100%. The recovery for each compound was in the range of 94.18-101.97% and the relative standard deviation was less than 6.0% (Table S1 in Supplementary  Materials) . The results implied that the developed UHPLC-MS/MS was precise, accurate, sensitive, and reliable enough for simultaneous quantitative analysis of the 17 target compounds in D. odorifera. Table 2 . Curves, test range, limit of detection (LOD), limit of quantification (LOQ), precision, and repeatability for the seventeen analytes. 
No
Method Application
The validated method was applied to determine the 17 selected flavonoids in 18 samples of D. odorifera. Representative MRM chromatograms are shown in Figure 2 and the quantitative results are shown in Table 3 . The contents of the 17 analytes varied in different batches of D. odorifera. Sativanone and 3 -O-methylviolanone were the dominant compounds in D. odorifera. The content of sativanone in all batches ranged from 5.8806 to 24.1200 mg/g (4.10-fold variation), and that of 3 -O-methylviolanone ranged from 0.6973 to 7.583 mg/g (10.87-fold variation). The content of daidzein in most samples was lower than the LOQ. For 3 -hydroxydaidein, genistein, and alpinetin, the contents were also relatively low (<0.2 mg/g). The trends observed in our results were similar to those in previous studies [15] [16] [17] . For example, Liu et al. [15] analyzed 10 major flavonoids in D. odorifera by HPLC-UV and found that sativanone (1.45-20.90 mg/g) was dominant. The average contents of other flavonoids (e.g., liquiritigenin, formononetin, and dalbergin) were higher than our results. In another study, seven flavonoids were analyzed in D. odorifera by Li et al. [17] and the obtained concentration ranges for the detected analytes (liquiritigenin, formononetin, isoliquiritigenin, and naringenin) were similar to those in the present study. Variation in the levels of flavonoids among the samples could be caused by differences in geographical conditions, the tree ages, plant origins, and storage conditions. The results suggest that UHPLC-MS/MS is a very powerful technique for quantitative analysis of multiple components of D. odorifera because it is rapid and sensitive.
Fragmentation Pathways Analysis
To date, 99 flavonoids have been isolated from D. odorifera [21] . These compounds have the same basic skeleton with different substituents. A total of 17 flavonoids, including six isoflavones (3 -hydroxydaidein, daidzein, genistein, tectorigenin, formononetin, and prunetin), five flavanones (liquiritigenin, eriodictyol, butin, naringenin, and pinocembrin), two chalcones (butein and isoliquiritigenin), two isoflavanones (sativanone and 3 -O-methylviolanone), one flavone (alpinetin), and one neoflavone (dalbergin) were quantified in the present study. Negative ion electrospray ionization (ESI) mode was found to be more sensitive than positive ion mode for detecting flavonoids. To further identify the compounds in D. odorifera, fragmentation pathways of six representative flavonoids (formononetin, pinocembrin, isoliquiritigenin, sativanone, alpinetin, and dalbergin) of D. odorifera were examined by UPLC-Q/TOF-MS/MS in negative ionization mode.
Formononetin is a methoxylated isoflavone. The suggested fragmentation pathway of formononetin is shown in Figure 4a . The main and typical fragmentation ions of this compound result from successive or simultaneous losses of CH 3 , CHO, CO, and CO 2 , which are attributed to the 4 -OCH 3 isoflavone type [24] . The base peak ion of formononetin at m/z 252.0491 [M − H-CH 3 ] − is formed by loss of a CH 3 group. This result is consistent with a previous study that showed that loss of CH 3 was characteristic of fragmentation in methoxylated flavonoids [25] . Little research has been conducted on the fragmentation pathways of neoflavones [28] . The mass spectrum of dalbergin (Figure 5c ) exhibited significant ions at m/z 267.0655, 252.0166, 224.1377, and 180.0407. The precursor ion lost one CH3 to give an ion at m/z 252.0166. Subsequent loss of CO Little research has been conducted on the fragmentation pathways of neoflavones [28] . The mass spectrum of dalbergin ( Figure 5c However, RDA fragmentation was not observed for dalbergin, which may be related to its specific structural characteristics.
Materials and Methods
Solvents and Chemicals
HPLC-grade acetonitrile and formic acid were purchased from Thermo Fisher Scientific (Fair Lawn, NJ, USA). Analytical grade methanol was purchased from Beijing Chemical Works (Beijing, China). Deionized water was prepared using a Milli-Q system (Millipore, Milford, MA, USA). Reference standards of daidzein, dalbergin, 3 -hydroxydaidein, liquiritigenin, isoliquiritigenin, alpinetin, butein, naringenin, butin, prunetin, eriodictyol, and tectorigenin were purchased from Chengdu Chroma-Biotechnology Co., Ltd. (Chengdu, China). Rutin for use as an internal standard (IS), pinocembrin, formononetin, and genistein were obtained from Sichuan Victory Biological Technology Co., Ltd. (Chengdu, China). The purities of all standards were above 98.0%. We isolated sativanone and 3 -O-methylviolanone from the heartwood of D. odorifera T. Chen. The structures of these two compounds were unambiguously identified by NMR techniques, and their purities were determined to be above 96% by HPLC.
Heartwood 
UHPLC-QqQ-MS/MS
Analyses were performed on a UHPLC system (Acquity H-Class, Waters Corp., Milford, MA, USA) with a binary solvent manager, a column manager, and a sample manager. The sample was separated on a Waters Acquity HSS T3 column (100 mm × 2.1 mm, 1.8 µm; Waters Corp.) and the column temperature was set at 40 • C. The mobile phase consisted of acetonitrile (A) and water containing 0.05% formic acid (B) with a flow rate of 0.25 mL/min. The following gradient program was used: 5-30% A from 0-2 min, 30-33% A from 2-5 min, 33-53% A from 5-13 min, held at 53% A for 3 min, 53-95% A from 16-18 min, held at 95% A for 2 min, and 95-5% A from 20-22 min. For UHPLC-MS/MS analysis, a Waters QqQ-MS (Xevo TQ-D, Waters Corp.) was connected to the Waters UHPLC instrument via an electrospray ionization (ESI) source. Analytes were quantified by MRM in negative ionization mode with argon as the collision gas. All MS parameters were optimized in the combined mode. The following ESI ion source parameters were used: capillary voltage, 2.5 kV; source temperature, 150 • C; desolvation temperature, 400 • C; cone gas (nitrogen) flow rate, 50 L/h; and desolvation gas (nitrogen) flow rate, 600 L/h. The UHPLC-MS/MS parameters, including the precursor-to-product ion transitions, cone voltage, and collision energy, are listed in Table 1 .
UHPLC-Q/TOF-MS/MS
Flavonoid fragmentation was performed on a quadrupole time-of-flight mass spectrometer (Xevo G2-XS, Waters Corp.) equipped with an ESI source and coupled to the UPLC system. The above UHPLC conditions were used for UHPLC-Q/TOF-MS/MS. Detection was implemented in the MS E centroid mode over a mass range of 500-1000 Da with a scan rate of 10 Da/s. The analyzer sensitivity mode was used. Leukine enkephalin was infused using LockSpray via a reference probe for in-run mass corrections. The ESI ion source parameters were as follows: capillary voltage, 2.5 kV; desolvation gas (nitrogen) flow rate, 600 L/h, desolvation temperature, 400 • C; cone gas flow rate, 50 L/h; and source temperature, 150 • C. The collision energy was ramped in a high energy function from 20 to 60 eV using argon as the collision gas. MassLynx software (Waters Corp.) was used for post-acquisition analysis.
Sample Preparation
The materials were pulverized and dried to a constant mass before use. A 0.20 g sample was extracted with 25 mL of 70% methanol (v/v) in an ultrasonic water bath for 45 min and then filtered. An aliquot (1 mL) of the filtrate was transferred into a 15-mL screw cap plastic tube containing 9 mL of 70% aqueous methanol and shaken immediately for 1 min using a vortex mixer. Then, 0.5 mL of IS (1.0 µg/mL) was added to 0.5 mL of the solution and the mixture was vortexed for 30 s. The obtained solution was filtered through a 0.22-µm micropore membrane before use. A 5 µL sample was injected into the UHPLC instrument for analysis.
Standard Solution Preparation
Standard stock solutions of 17 reference standards with a concentration range of 24.4 to 113.04 µg/mL were separately prepared by dissolution in methanol. An initial stock solution was prepared as a mixture of the above stock solutions. A series of working solutions of the analytes were obtained by diluting the mixed stock solution with methanol to the appropriate concentration. Then, 0.5 mL of IS (1.0 µg/mL) was added to 0.5 mL of the working solutions and the mixture was vortexed for 30 s. All of the solutions were stored at 4 • C and filtered through a 0.22-µm nylon membrane before injection into the UHPLC system.
Conclusions
In the present study, a sensitive and rapid UHPLC-ESI-MS/MS method was established for the simultaneous quantitative analysis of 17 flavonoids in the heartwood of D. odorifera and successfully applied to 18 samples. Satisfactory validation parameters were obtained, including specificity, linearity, precision, accuracy, and stability, and the extraction method was optimized. Taking the contents of the target compounds into consideration, the quantification results indicated that the quality of D. odorifera varied. The MS fragmentation pathways of flavonoids discussed here could facilitate rapid screening and structural characterization of these compounds by LC-MS/MS. Our results suggest that UHPLC-MS/MS could be a useful tool for quality assessment of D. odorifera using flavonoids as markers.
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